online | memorias.ioc.fiocruz.br Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 107(3): 310-316, May 2012 Paracoccidioides brasiliensis is a dimorphic fungus pathogenic to humans, growing as yeast during infection and as mycelium in the environment. The cell wall of P. brasiliensis consists of chitin and glucan and is involved in pathogenesis (de Agostino Biella et al. 2006) . The percentage of chitin in P. brasiliensis ranges from 37-48% in the yeast phase and from 7-18% in the mycelial phase, indicating the importance of this carbohydrate and the enzymes involved in cell wall metabolism in dimorphism and the fungal infection process (Kanetsuna et al. 1969) .
Chitin is a polymer of β-1.4-linked N-acetylglucosamine (GlcNAc) and is the major structural component of crustacean exoskeletons, insect cuticles, diatoms and fungal cell walls, but it is not present in humans (Barrett 2002) . Due to its absence in humans, chitinases have been examined as interesting targets in the exploratory design of specific antifungal agents (Rush et al. 2010) .
Chitinases (EC 3.2.1.14) hydrolyse chitin and can be classified into two families of glycoside hydrolases, families 18 and 19, based on amino acid sequence, structural homology and mechanism of action (Henrissat & Bairoch 1996) . Furthermore, chitinolytic enzymes can be divided into two major categories based on their mode of action: endochitinases and exochitinases. Endochitinases (EC 3.2.1.14) cleave chitin and chito-oligomers and release multimers of GlcNAc. Exochitinases can be divided into two subcategories: chitin 1.4-β-chitobiosidases and β-Nacetylhexosaminidases. Chitin 1.4-β-chitobiosidases are not officially recognised with an EC number. They cleave chitin and chito-oligomers and release only (GlcNAc) 2 . β-N-acetylhexosaminidases (EC 3.2.1.52) release only GlcNAc monomers (Lorito 1998) .
Fungal chitinases are important for nutrition, developmental processes, morphogenesis and pathogenesis (Dahiya et al. 2006 , Binod et al. 2007 ). Many fungal chitinases have been purified and characterised and most fungi express more than one chitinolytic enzyme (Seidl et al. 2005 , Duo-Chuan 2006 .
In this work, our aim was to partially purify chitinases from P. brasiliensis and to evaluate their expression during different growth phases, including mycelium, yeast and the transition from mycelium to yeast, in addition to the cell wall of yeast and the supernatant of the yeast culture medium.
Materials and Methods

Fungus and growth conditions -P. brasiliensis, Pb01
isolate (ATCC-MYA-826), was cultivated in modified Sabouraud dextrose solid medium (4% glucose, 1% peptone, 0.5% yeast extract, 0.1% brain-heart infusion, 1.2% agar) at 22ºC for 15 days for the mycelial phase and at 36ºC for seven days for the yeast phase. For the transition from mycelium to yeast, the fungus growing at 22ºC was transferred to liquid medium at 36ºC and grown for 24 h under shaking at 150 rpm.
Recombinant DNA preparation and transformation -The Pbcts1 cDNA (accession AQ75798) (Bonfim et al. 2006 ) was amplified by polymerase chain reaction (PCR) using forward (5'-CAGATCCACCAGAATTCAT-GACG-3') and reverse (5'-CACCTCGAGCTACTC-CCCAGG-3') primers containing EcoRI and XhoI sites (underlined), respectively, for cloning into the expression vector pET-32a(+) (Novagen). PCR conditions were as follows: 94ºC (3 min), 25 cycles at 94ºC (1 min and 30 s), 58ºC (2 min) and 72ºC (1 min and 30 s) and a final elongation at 72ºC (10 min). The PCR product was digested with EcoRI and XhoI and cloned into the respective sites of pET-32a(+). The resulting plasmid was used to transform Escherichia coli BL21(DE3)/pLysS (Certificate of Quality in Biosafety 0037-97).
Production and purification of the recombinant protein -
The transformed E. coli cells were grown at 37ºC in LB-medium with 34 µg mL -1 chloramphenicol, 100 µg mL -1 ampicillin and 200 mM glucose at 200 rpm until the A 600 reached 0.6-0.8. Expression was induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. The cells were incubated for 3 h at 37ºC with shaking at 200 rpm, followed by centrifugation at 10,000 g for 5 min at 4ºC. The cell pellet containing insoluble inclusion bodies was suspended in phosphate buffered saline (PBS), incubated for 1 h with lysozyme (1 mg mL -1 ) and sonicated, and 1% sarkosyl was added. The sample was centrifuged at 10,000 g for 20 min at 4ºC, following which 2% Triton X-100 was added to the supernatant. The recombinant chitinase (PbCTS1r) was purified using Ni-NTA resin (Invitrogen). Briefly, the supernatant was applied on a Ni-NTA resin column and PbCTS1r was recovered using elution buffer [250 mM imidazole, 0.5 M sodium chlosodium chloride (NaCl), 50 mM sodium phosphate, pH 8.0]. For later assays, the affinity-purified fusion protein was pooled, dialysed in sodium acetate buffer at pH 6.0 and hydrolysed with enterokinase.
Antibody production -PbCTS1r was used to produce anti-PbCTS1r antibody in New Zealand rabbits. The immunisation consisted of three injections of 200 µg of PbCTS1r, with an interval of two weeks between injections. The serum containing anti-PbCTS1r antibody was collected and ELISA and Western blotting were used to test antibody reactivity. The protocol concerning animal immunisation was approved by the local Ethical Committee on Animal Care of Federal University of Minas Gerais (protocol CETEA-UFMG 043/2008).
Protein extraction -Protein extracts from mycelium, yeast cells, the transition from mycelium to yeast and the cell wall of the yeast were obtained by disruption of frozen P. brasiliensis cells. The cells were resuspended in Tris-Ca buffer [2 mM CaCl 2 , 20 mM Tris-HCl, pH 8.8; protease inhibitor (GE-Healthcare)], harvested and shaken for 20 min at 4ºC with glass beads. Complete cell disruption was verified by the absence of fungal growth on Sabouraud medium. Lysed cells were separated into two fractions, the cell wall (pellet) and a crude protein extract (supernatant), using centrifugation at 5,000 g and 4ºC for 15 min. The pellet was washed five times with distilled water, rinsed with varying concentrations of NaCl (85 mM; 34 mM; 17 mM) and boiled in sodium dodecyl sulfate (SDS)-extraction buffer (50 mM Tris-HCl, pH 8.0, 2% SDS, 100 mM EDTA, 10 mM DTT) for 10 min. This treatment was repeated twice to ensure complete liberation of the SDS-solubilised proteins. Finally, the pellet was washed six times with water, resuspended in Tris-Ca buffer and stored as an extract composed of cell wall proteins (Pitarch et al. 2002) .
Yeast-secreted proteins were obtained by filtration (0.22 µm filter) of Sabouraud dextrose medium containing P. brasiliensis yeast grown for 24 h. The protein extract was dialysed against distilled water and precipitated with 20% trichloroacetic acid and acetone.
Purification of native chitinases from P. brasiliensis -
The soluble protein crude extract of yeast cells was consecutively dialysed against distilled water and 50 mM sodium acetate buffer, pH 5.4 (buffer A), filtered through a 0.22 µm filter and applied to a CM SepharoseTM Fast Flow column pre-equilibrated with buffer A (HPLC Äkta purifier GE-Healthcare). The proteins were eluted with a linear gradient of buffer A containing 0-1 M NaCl with a flow rate of 1 mL min -1 . Fractions of 1 mL and 0.5 mL fractions were collected before and after the application of the NaCl gradient, respectively. The fractions were dialysed against distilled water and their chitinase activity was determined.
Electrophoresis and protein quantification -SDSpolyacrylamide gel electrophoresis (SDS-PAGE) was performed under denaturing conditions, as described by Laemmli (1970) . Proteins were separated by 10% SDS-PAGE followed by staining with Coomassie Brilliant Blue. The protein concentration was measured according to the Bradford method (1976) using bovine serum albumin as a standard.
Western blot analysis -Western blot analysis was performed as described by da Silva Neto et al. (2009) . The P. brasiliensis chitinases were detected with the anti-PbCTS1r antibody (diluted 1:500 in PBS). The secondary antibody was anti-rabbit immunoglobulin G coupled to alkaline phosphatase. The reactions were developed with 5-bromo-4-chloro-3-indolylphosphate/ nitro-blue tetrazolium (BCIP/NBT). Negative controls were obtained with rabbit preimmune serum.
Enzymatic activity assay -The chitinase activity was determined as described by Selvaggini et al. (2004) with some modifications, using 4-methylumbelliferyl-N-N'-diacetylchitobiose [trimer; 4-MU-(GlcNAc) 2 ] or 4-methylumbelliferyl-N-N'-N''-triacetylchitotriose [tetramer; 4-MU-(GlcNAc) 3 ] (Sigma-Aldrich) as the substrate. These substrates were employed based on their ability to detect and distinguish exochitinases (chitobiosidases) and endochitinases. Exochitinases release a fluorescent product from only the trimeric substrates and endochitinases can be identified by digestion from the tetramer (Tronsmo & Harman 1993, Duo-Chuan 2006).
In a standard assay, 20 µL of diluted enzyme solution was incubated with 5 µL of 0.4 mM substrate solution and 80 µL of 100 mM citrate-phosphate buffer, pH 5.0, at 37ºC for 30 min. The reaction was terminated with 120 µL glycine/NaOH buffer, pH 10.6. After 5 min of incubation, a reading was taken at 355 nm excitation and 460 nm emissions in a spectrofluorometer (SpectraMax M2 e , Molecular Devices). One unit of enzyme activity was defined as the amount of enzyme necessary to produce 1 pmol of 4-MU mL -1 min -1
.
Quantitative real-time PCR (qRT-PCR) analysis -Total RNAs from P. brasiliensis (isolate Pb01) mycelium, the transition from mycelium to yeast and the yeast cells were extracted with Trizol (Invitrogen). Single-stranded cDNAs were constructed using a reverse transcription system (Promega). As a control for genomic contamination, the reactions were performed in the absence or presence of reverse transcriptase. qRT-PCR was performed in duplicate with samples from two independent experiments using the StepOnePlus™ Real-Time PCR system (Applied Biosystems). The PCR thermal cycling program was 40 cycles at 95ºC (15 s) and at 60ºC (1 min). The reaction mixture consisted of SYBR green PCR master mix (Applied Biosystems), 10 pmol of each primer and the template cDNA (40 ng) in a final volume of 25 µL. A melting curve analysis was performed to confirm the amplification of a single PCR product. The data were normalised using tubulin cDNA for each set of qRT-PCR experiments. A nontemplate control was included. A relative standard curve was generated by pooling an aliquot of cDNA from each sample. The cDNA standard was serially diluted 1:5 and a standard curve was generated using four samples from the pooled cDNA. The relative expression levels of genes of interest were calculated using the standard curve method for relative quantification (Bookout et al. 2006) . The qRT-PCR primers for each gene were as follows: CTS1 ss 5'CTACTTGTCCGATACTTGGTCC3', CTS1 as 5'GGAGAGGAGCACATTCAGATTC3'; CTS2 ss 5'GTCCCAAAACGCCAGAATG3', CTS2 as 5' TGAGAACGCAACCGATTGAC3'; tubulin: Tub ss 5'ACAGTGCTTGGGAACTATACC3', Tub as 5'GGGACATATTTGCCACTGCC3'.
Comparison of the sequences and inferred phylogeny -The predicted proteins from the PbCTS1 and 39 kDa chitinase (PbCTS2) gene sequences, obtained from a search in the P. brasiliensis isolate Pb01 genome database (BROAD Institute, MIT and Harvard, Cambridge, MA; broad.mit.edu/annotation/genome/paracoccidioides_ brasiliensis.1/MultiHome.html), were aligned with chitinases from the National Center for Biotechnology Information (NCBI) server (ncbi.nlm.nih.gov) (Altschul et al. 1990 ). The phylogenetic analysis of the identified chitinases was generated using sequences from 23 complete ascomycete chitinases. A chitinase from Cryptococcus neoformans, a basidiomycete, was used as an outgroup. A phylogenetic tree was constructed by multiple sequence alignments using CLUSTALX (Thompson et al. 1997) , generated by the neighbour-joining method (Saitou & Nei 1987) and visualised using TreeView software (taxonomy.zoology.gla.ac.uk/rod/treeview.html). The robustness of the branches was estimated using 100 bootstrap replicates and indicates the percentage of times that all species appeared as a monophyletic cluster. The alignments of the sequences are shown in Supplementary data.
results
Expression and purification of PbCTS1r protein -To express the recombinant protein, the cDNA coding for PbCTS1 was subcloned into the expression vector pET32a(+). After induction with IPTG, a 58 kDa recombinant protein was detected in bacterial lysates (Fig. 1A , Lane 2). The fusion protein was purified from bacterial lysates using Ni-NTA and was cleaved with enterokinase (Fig. 1A, Lane 3) to remove the His-Tag, Trx-Tag and S-Tag. The molecular mass of PbCTS1r agreed with the predicted mass of 45 kDa. An aliquot of PbCTS1r was used to raise the anti-PbCTS1r antibody. The purified recombinant protein was blotted on a nylon membrane and reacted with the antibody (Fig. 1B, Lane 1) . No cross-reactivity to the rabbit preimmune serum was detected (Fig. 1B , Lane 2). PbCTS1r showed higher specific activity in the hydrolysis of 4-MU-(GlcNAc) 3 (142.92 U/mg) compared to 4-MU-(GlcNAc) 2 (52.32 U/ mg), indicating the release of multimers of GlcNAc; in this case, specifically a tetramer of GlcNAc.
Characterisation of the P. brasiliensis PbCTS2 novel chitinase -To confirm our hypothesis of a second chitinase encoded by P. brasiliensis (PbCTS2), the protein was partially purified from crude extracts of yeast cells using cation-exchange chromatography. Two protein peaks were detected possessing chitinase activity ( Fig.  2A) . The presence of chitinases in these peaks was further confirmed by immunoblotting analysis. Fractions from the first peak displayed higher activity towards the 4-MU-(GlcNAc) 3 substrate; fractions from the second peak displayed higher activity towards the 4-MU-(GlcNAc) 2 substrate. Three fractions were investigated (Fig. 2B) . Two of the analysed fractions (fractions 3 and 5) were collected when the column was washed with buffer A; the other (fraction 34) was collected during the NaCl linear gradient. In fraction 3, both proteins were detected, with masses of 45 kDa and 39 kDa, corresponding to PbCTS1 and PbCTS2, respectively (Fig. 2B , Lane F3). In addition, fraction 3 displayed weaker activity towards the 4-MU-(GlcNAc) 2 substrate and higher enzymatic activity towards 4-MU-(GlcNAc) 3 (Table) . Fraction 5, in which only PbCTS1 was detected (Fig. 2B , Lane 3), displayed high levels of enzymatic activity when 4-MU-(GlcNAc) 3 was the substrate (Fig. 2A, Table) . Both PbCTS1 and PbCTS2 were detected in fraction 34 (Fig.  2B, Lane 4) . A higher level of enzymatic activity towards 4-MU-(GlcNAc) 2 compared to 4-MU-(GlcNAc) 3 was attributed to PbCTS2 because PbCTS1 showed higher levels of enzymatic activity towards 4-MU-(GlcNAc) 3 (Table) . In addition, fraction 34 showed a strong reaction to PbCTS2, as observed by Western blotting.
Detection of P. brasiliensis chitinases -
The antiPbCTS1r antibody was able to detect the presence of PbCTS1 in yeast cell fractions and in different P. brasiliensis phases (Fig. 2B, 3A) . PbCTS1 was found in the crude extracts of mycelium, the transition from mycelium to yeast and yeast cells (Fig. 3A , Lanes 1-3, respectively). PbCTS1 was not detected in the purified yeast cell wall protein fraction (Fig. 3 , Lane 4), but it was present in the secreted protein fraction from the yeast phase (Fig. 3, Lane 5) . Serendipitously, the anti-PbCTS1r antibody cross-reacted with the novel P. brasiliensis chitinase protein in the immunoblotting (Fig. 3A , Lanes 2-5). PbCTS2 was not detected in the mycelium phase (Fig. 3A , Lane 1). It was detected during the transition from mycelium to yeast (Fig. 3A , Lane 2) and during the yeast phase (Fig. 3A , Lanes 3-5). No cross-reactivity to the rabbit preimmune serum was detected (Fig. 3B) . qRT-PCR results examining the transition from mycelium to yeast and the yeast phase corroborate the Western blot results. However, a low Pbcts2 transcript level was detected in the mycelium phase (Fig. 3C) .
Phylogenetic analysis -A search of the P. brasiliensis isolate Pb01 genome (BROAD Institute) using BlastP (Altschul et al. 1990 ) was performed to find the putative gene encoding PbCTS2. In the search, we used ; GlcNAC: N-acetylglucosamine. A phylogenetic tree was constructed with PbCTS1, PbCTS2 and other chitinase genes from ascomycetes available on the NCBI database (Altschul et al. 1990 ) (Fig. 4) One study on P. brasiliensis strain IVIC Pb9 found chitinase activity in the culture medium, but not in the crude protein extracts from yeast cells (Flores-Carreón et al. 1979) . In this study, PbCTS1 was detected both in the culture medium and in the crude extracts of yeast cells from isolate Pb01, which can be explained by the differences between the isolates and by the use of different substrates to measure chitinase activity.
Bonfim et al. (2006) described the presence of both a glycosaminoglycan attachment site and a laminin G heparin-binding domain in PbCTS1. These domains mediate mycobacterial adhesion to lung epithelial cells and macrophages (Jeffrey 1999) and contribute to cell invasion and systemic dissemination in the host cells (Adams 2004). We found PbCTS1 in the culture medium of yeast, indicating that this protein is secreted and therefore could participate in the maintenance of the fungal environment.
Many chitinases identified to date are secreted, but some are found on the cell wall, as occurs in Candida albicans (Iranzo et al. 2002) , Aspergillus fumigatus (Hearn et al. 1998) and Aspergillus nidulans (Yamazaki et al. 2008 ). PbCTS1 was not detected in the cell wall fraction, suggesting that this chitinase is not involved in yeast cell wall biosynthesis.
Fungi such as C. albicans, A. fumigatus and Saccharomyces cerevisiae encode many chitinases, each possessing diverse chitinolytic activities (Adams 2004). Here, we describe a second chitinase of P. brasiliensis, PbCTS2. The five chitinases found in the P. brasiliensis isolate Pb01 genome database had lengths varying from 26-58 kDa; in silico prediction indicated that one of the chitinase genes would generate a 39 kDa protein. Therefore, based on the size of the ORF, the gene sequence and the predicted protein size, we assumed that the 39 kDa gene encoded PbCTS2, which was partially purified in the same fraction as PbCTS1.
The cross-recognition of PbCTS2 with our antiPbCTS1r antibody can be explained by the similarity between the two proteins, which are likely to share antigenic determinants. This cross-reactivity allowed us to characterise the activity of a second chitinase. Chitinases of diverse molecular weights have been described in the literature (Seidl et al. 2005) . Similar to PbCTS1 and PbCTS2, two other endochitinases of 42 kDa and 37 kDa from Clonostachys rosea (Mamarabadi et al. 
2008) have been identified. During the partial chitinase purification, fraction 34 showed a large concentration of PbCTS2, according to the Western blot assays, and a high activity when using the 4-MU-(GlcNAc) 2 substrate, which can be attributed to PbCTS2 because only a trace quantity of PbCTS1 was detected in that fraction. In addition, PbCTS1 has a higher enzymatic activity towards 4-MU-(GlcNAc) 3 than towards 4-MU-(GlcNAc) 2 . Nevertheless, the activity towards 4-MU-(GlcNAc) 3 in fraction 5 and the lack of a visible signal for PbCTS2 in the Western blot could be attributed to other P. brasiliensis chitinases present in those fractions.
Although PbCTS2 was not detected in mycelium by Western blot analysis, a low expression level was detected by qRT-PCR, presumably due to the high sensitivity of the technique or post-transcriptional regulation of the protein. PbCTS2 was detected in all of the analysed protein extracts from yeast cells. Because PbCTS2 is expressed in the cell wall, unlike PbCTS1, it may have a role in yeast cell wall biosynthesis and structural maintenance. In addition, the presence of the 39 kDa chitinase during the transition from mycelium to yeast and in the extracellular medium of yeast cells suggests a role in the maintenance of the fungal environment.
The phylogenetic analysis of PbCTS1 and PbCTS2 indicated that they clustered separately and could have different functions. This is similar to chitinases of Emericella nidulans (E. nid 1 and E. nid 2) and Coccidioides immitis (C. imm 1 and C. imm 2). Fungal chitinases can play multiple and diverse roles (Duo-Chuan 2006) . During evolution, P. brasiliensis could have acquired the paralogues Pbcts1 and Pbcts2 to grow and survive in different environments in both saprophytic and parasitic phases. Multiple alignment of the sequences deduced protein chitinases
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